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Introduction
Anterior cruciate ligament (ACL) injuries are highly debilitating and commonly occur in sporting activities [10] [11] [12] . Up to 70% of primary ACL injuries are non-contact in nature and occur during rapid dynamic activities such as sudden stops, change of direction, jump landings, pivoting and side cutting manoeuvres [11, 13] . The occurrence of non-contact ACL injury during such tasks is multi-factorial, likely including hormonal, environmental, anatomical, psychological, neuromuscular and biomechanical factors [14] . An understanding of noncontact ACL injury aetiology is therefore vital for effective screening, treatment, and injury prevention. The high incidence [15] of the ACL injury itself is not only devastating but could also have long-term effects on the knees such as through osteoarthritis [16] . On account of the high cost of surgical ACL reconstruction, it not only effects on the patient's health but also yields a heavy economic burden [17, 18] .
Over the last decade, a large number of studies have used in vivo biomechanical methods to investigate links between specific biomechanical parameters and risk of non-contact ACL injury. One advantage being that these parameters have been shown to be modifiable [19] .
Typically observed parameters include whole body kinematics, lower limb joint moments, and knee and hip kinematics at key events e.g. impact. Understanding the biomechanics of the dynamic movement is crucial in investigating the risk factor of the non-contact ACL injury.
Biomechanical risk factors have been proposed in all three planes but inconsistency in methods and techniques of evaluating risk factors however have not been examined in detail. Two dimensional (2D) kinematic video recording [20, 21] has also been used to inform the injury mechanism, but its accuracy and precision are still uncertain. A recent review [22] implicated a number of biomechanical "risk factors" such as reduced lateral trunk flexion and knee flexion angle, yet it would seem that such measures have only been associated to ACL injury risk and cannot therefore be considered as ACL injury risk factors per se. Risk factors are predictive parameters established from prospective cohort studies, where the parameters showed meaningful differences between ACL injured athletes compared to uninjured athletes. It is perhaps therefore a misconception that there are a large number of established biomechanical risk factors for non-contact ACL injury.
Once risk factors have been established from prospective cohort studies they may be further supported by evidence from retrospective studies which can identify differences between ACL injured and controls, and further understood through associative studies by investigating what can influence risk factors, e.g. approach speed influences knee abduction moments [23] . As outlined in the 'Translating Research into Injury Prevention Framework' [24] , these types of studies are needed to strengthen the development of intervention and prevention programs as the success of these programs is underpinned by a solid understanding of the risks associated with sustaining the injury as opposed to any surrogate or any indirect measure of injury.
Retrospective studies therefore provide weaker evidence relating to the identification of risk factors than prospective cohort studies, and associative studies build on the evidence rather than generating it. As the field of research progresses, it is desirable that the number of independent studies with a high level of evidence increases [25] . The research trends relating to the biomechanical risk factors of non-contact ACL injury are unknown and therefore critical examination of the existing evidence is required.
The aims of this study are firstly, to systematically review the in vivo biomechanical literature that has identified risk factors for non-contact ACL injury during dynamic sports tasks and secondly, to critically evaluate the research trends from retrospective and associative studies investigating non-contact ACL injury risk. Risk factors and studies relating to either sex are considered for completeness.
Methods
The Cochrane Handbook [26] and the Preferred Reporting Items for Systematic reviews and Meta-Analysis (PRISMA) [27] guidelines were used in conducting this systematic review.
Electronic Literature Search
A systematic electronic database search of PubMed, SCOPUS, Web of Science, CINAHL and SPORTDiscus was conducted for studies between January 1990 and 10 th August 2015. The search terms were constructed and tested prior to the initial search for their appropriateness.
Search terms were divided into five groups (Table 1) and when searching the groups were connected with AND. Depending on the search database, the appropriate search term notation technique was applied. 
Study selection
EndNote® (version X7.0.1, Thomson Reuters) was used to select titles and abstracts based on the inclusion and exclusion criteria; and prospective cohort studies, retrospective studies and associative studies were classified as level 1, 2 and 3 evidence, respectively ( Initially, title and abstract selection was completed by authors 2 and 6 independently, in order to avoid risk of bias in identifying potentially relevant papers for full review. If there were discrepancies between the two reviewers, there were discussions between the two to reach a consensus. If consensus could not be reached, the article was referred to author 1 or 7. Next, the full text assessment was reviewed by authors 1 and 7 and if there were any disagreements between the two reviewers, consensus was again sought through discussions between themselves, and a moderator if needed (author 6). Study classifications and the inclusion / exclusion criteria were implemented within this process. 
Prospective Cohort Study
Observe a large number of uninjured athletes and then monitor their injury status over a period of time. Those athletes that become injured can then be compared to the uninjured group in an attempt to identify differences with a predictive value commonly called risk factors.
Level 2
Retrospective Study A study design that takes a look back at the effect of an event that occurred in the past and typically makes comparisons to a control group.
In a typical retrospective ACL study, investigators would compare ACL injured or reconstructed athletes to an uninjured control group.
Level 3

Associative Study
Provides a lower level of evidence because these cannot measure risk factors directly and so instead associates other variables with known risk factors. They can help to understand how known risk factors are influenced by other variables that have not yet been shown prospectively as risk factors themselves.
Assessment of the risk of bias
Risk of bias assessment was undertaken for level 1 evidence studies ( Table 3 ). The Risk of Bias Tool for Cohort Studies by the Cochrane Bias Methods Group was used to review the selected articles. The retrospective and associative studies were not quality assessed as these studies were retrieved only to map current trends of the field. Authors 1 and 7 assessed the risk of bias independently and then reached a consensus. For each item answered 'Yes', one point was given other responses scored 0 points. The total score of the methodological quality ranged between 0 -9 for the prospective cohort study. If an item was not present, not reported or insufficient information was given, no points were given. An item might not be applicable to a study, so these items were excluded from calculation for quality assessment. Scoring 'Yes'
shows that the study has a low risk of bias and 'No' means that the study has a high risk of bias.
Results
Search results
A total of 3698 studies were identified ( Figure 1 ) with the database breakdown as follows:
PubMed (348), Scopus (520), Web of Science (590), CINAHL (336) and SPORTDiscus (399).
When duplicates and unrelated articles (2886) were removed 812 studies remained. After careful screening of titles, abstracts and classification of level of evidence 605 studies were excluded as they did not meet the inclusion criteria and 207 studies remained and underwent full evaluation. Twelve prospective cohort studies were selected for full text assessment of the inclusion and exclusion criteria. A total of 20 retrospective and 175 associative studies were also identified.
Full text assessment of the 12 prospective cohort studies meant that eleven further studies were excluded for the following reasons: (1) one had no full text available [1] , (2) one did not meet the requirement of participation in dynamic sports [2] , and (3) nine did not focus specifically on investigating or finding new ACL injury risk factors as they were observing other injuries (e.g. patellofemoral pain syndrome) [4, 8] , gender differences [7, 9] , perfecting screening tools [3, 6, 7] , effect of maturation or joint laxity effects [5, 7] . Hence, only one level 1 evidence study [28] was quality assessed.
Level 1 evidence
The selected level 1 evidence study [28] scored 7/8 points in the risk of bias assessment (Table   3 ) hence, this study has a low risk of bias and key information has been summarized. This study was an exploratory prospective study as the authors did not know which variables might predict ACL injury. They observed 9 ACL injuries in a sample of 205 female adolescent basketball, volleyball and football players (14-18 years). The drop vertical jump (DVJ) was used to examine landing biomechanics during the first contact phase. A range of biomechanical variables were measured and they found that the group that subsequently had an ACL injury had higher knee abduction angles (KAA) at landing (9° vs. 1.4°), higher peak knee abduction Excluded studies with reasons (n=11)
No full text available [1] Not a dynamic sport setting [2] Not focused on finding new ACL risk factors [3] [4] [5] [6] [7] [8] [9] Level 1 evidence Prospective cohort studies (n = 12)
Level 2 evidence Retrospective studies (n = 20)
Level 3 evidence Associative studies (n = 175)
Fig. 1 Flow diagram of search strategy
vs. 1057 N) which distinguished them from the uninjured group. The KAM predicted ACL injury status with 73% specificity and 78% sensitivity.
Level 2 evidence
Of the 20 retrospective level 2 evidence studies ( The other eleven studies investigated biomechanical variables in the context of stability and postural control [37] [38] [39] [40] , gait [41] , vision [42] , limb asymmetry [43] , walk and jog patterns [44] , gender differences [45] , as well as neuromuscular aspects [46] . Landing strategies and medio-lateral control of the ACLD and ACLR patients were also investigated by Roos et al. [47] and found that these groups had not fully recovered.
ACLD and ACLR subjects showed significantly poorer clinical and biomechanical results compared to controls [44, 38, 45] . However no differences were found in knee joint kinematics and kinetics during gait [41] . Distinguishing characteristics of ACLD groups included posterior centre of mass (COM) changes [39] , increased time to stabilization [40] , postural sway and other unique adaptations aimed at stabilizing the knee [46] . Distinguishing characteristics of ACLR groups included greater postural sway [37] and altered responses to visual disruption [42] .
Level 3 evidence
A total of 175 associative studies were retrieved from the search. We identified that 57% of these associative studies involved both sexes a further 30% investigated females only with only 11% of studies investigating males. The remaining 2% was unknown as it was not specified in the abstract or the full text. Only 19% of the papers studied adolescent athletes (between 10 - Studies have shown that females tend to have a greater risk of getting an ACL injury [28, 48] . This is supported by the findings found in the associative studies where females are more likely to have poorer landing technique such as reduced hip and knee flexion at initial contact [49, 50] ; higher knee abduction [51, 52] and less knee flexion throughout landing [50] compared to males. Landing with a more erect posture and greater angular velocities than males has also been speculated to contribute to non-contact ACL injury in females [53] .
DVJ tasks have been combined with the influence of fatigue [54] [55] [56] [57] [58] to examine the effect on biomechanical variables. Around 13% of the associative studies examined the effect of fatigue on ACL injury risk factors. Fatigue has been observed to alter both the movement patterns and motor control [59, 54, 55] . Both males and females demonstrated reduced KAA moving closer to neutral and decreased knee flexion at initial contact after fatiguing [59, 54] . In addition, the KAM at peak stance and hip flexion angle was also decreased and a larger GRF was seen in females after fatigue [54, 56] . Knee and hip control also altered neuromuscular characteristics [60, 61] .
Over a third (36%) of the level 3 studies observed cutting manoeuvres with the majority being anticipated rather than unanticipated tasks. The inclusion of unanticipated tasks increases the magnitude of joint loads and increases the KAA in females compared to males [49, [62] [63] [64] [65] [66] .
Muscular activity imbalance and reduced hip flexion angles have also been associated with non-contact ACL injury [67, 66] .
A filterable summary of the selected level 3 evidence papers research trend (Table S1 ) can be found in the supplementary material. [42] ACLR; 17 females (F) healthy controls; 17F
Vision -used electromagnetic sensor -Absolute knee displacement, Peak and average absolute knee velocities, time to peak ground reaction force (pGRF) (% of cut). [38] ACLR; 12 healthy controls; 13
Single leg hop.
- [45] ACLR; 21M, 5F healthy controls; 13M, 29F DVJ.
-GRF -After ACLR, M & F: at the time of return to sport demonstrated involved limb asymmetries in pGRF during landing from a bipedal task. compared to uninvolved & controls, > peak hip joint flexion angles at landing for involved compared to uninvolved limb & controls at initial ground contact, ↑ peak hip joint flexion angles at landing for involved limb compared to uninvolved & pGRF, > peak knee & ankle joint flexion angles when landing on involved limb compared to control at pGRF. Webster, K. A. and P. A. Gribble (2010) [40] ACLR; 12F healthy; 12F
-Resultant vector of time to stabilization, GRF -ACLR: longer time to stabilize than control ACLD Chmielewski, T. L., et al. (2001) [44] ACLD; 9M, 2F healthy controls; 8M, 2F
Walking & jogging -Knee flexion angle, Internal knee extension moment, Support moment (at peak knee flexion), GRF -ACLD: flexed involved knee < than healthy subjects & uninvolved side during walking. -ACLD: < GRF during loading response, < knee support moment, & ↑ ankle support moment during walking compared to controls. In jogging, involved knee angle at initial contact > extended compared to controls, & < knee flexion than uninvolved side. [39] Movie captures of 20 athletes; Movie captures of 20 athletes performing a similar manoeuvre that did not result in injury 
Discussion
This study reviewed the level of evidence with respect to the in vivo biomechanical literature to identify risk factors for non-contact ACL injury during dynamic sports tasks, and it critically evaluated research trends from retrospective and associative studies around non-contact ACL injury risk. The key findings of this review were a lack of level 1 evidence and a large number of level 3 evidence studies.
Ideally, associative studies are designed from a strong base of level 1 and level 2 evidence.
Having observed only one level 1 evidence study and conflicting level 2 evidence, this appears not to be the case. A similarly skewed evolution of studies has also been observed in the more mature field of ACL reconstruction research [25] where studies with a lower level of evidence were published at a greater rate than level 1 or 2 evidence studies. Our study observed a large number of level 3 evidence studies that associated other variables to KAA and KAM. An important consequence of this is parameter bias, which is where only a limited number of parameters are used to inform retrospective or associative study designs. This was observed to some extent in the retrospective studies and to a greater extent in the associative studies.
Parameter bias makes the results of these studies dependent on the reproducibility of the level 1 evidence and to our knowledge the findings of Hewett et al. [28] have as of yet not been confirmed independently. As long as that is the case, care should be taken using the KAA and KAM parameters only.
Recent level 1 evidence
Abstracts from two additional prospective-cohort studies were presented at the IOC 2014
World Conference Prevention of Injury & Illness in Sport, Monaco, France. The first study [69] collected prospective DVJ data from 708 Norwegian elite female football and handball players and observed 38 non-contact ACL injuries. This has recently been published [70] with 42 non-contact ACL injuries registered and neither KAM, KAA, knee flexion angle and peak GRF predicted ACL injury. The second study involved US military cadets [71] , where 117 ACL injuries were observed in males and females from a cohort of 5758 cadets. They also found that KAM and KAA did not predict ACL injury but they did observe increased hip adduction and increased internal tibial rotation at contact in those who sustained an ACL injury.
Both studies sampled larger cohorts and observed considerably more ACL injuries yet found that neither KAA nor KAM predicted ACL injury. This has important consequences for the large number of level 3 associative studies examining KAM and KAA only. The effect of parameter bias in this field therefore has important consequences for these studies and highlights the importance of having well-established level 1 evidence before conducting associative work. In the situation where conflicting level 1-evidence exists, it is clear that further prospective studies should be prioritized to develop a critical mass of biomechanical variables that predict ACL injury across studies. Researchers may wish to consider relevant factors identified from associative studies that may affect ACL injury risk yet have not been prospectively assessed including more dynamic tasks such as sidestepping, the influence of fatigue, and unanticipated movements.
Extrapolation and standardization
Appropriate caution should be taken when extrapolating the results of level 1 evidence studies to retrospective and associative studies. Specifically altered KAA, KAM and GRF have only been found to predict ACL injury when calculated within the experimental protocol and sample of Hewett et al. [28] . Although this study is highly cited (1031 citations at time of submission), their low number of ACL injuries observed, and lack of familywise-error correction, means results require independent confirmation. The use of the KAA and KAM was observed in many studies involving different age-groups, demographics, males and other tasks such as single leg landings and sidestepping. Although in many cases, significant effects on the KAA and KAM have been found it is recommended that level 1 evidence studies inform their predictive value of ACL injury.
Many conflicting results were found in both level 2 and 3 evidence studies. This is likely due to the variety of tested samples e.g. males, females, ACLD, ACLR, pre and post-puberty, ages, the variety of tasks e.g. DVJ, side cutting, hopping, single leg landings. Whilst samples may be difficult to standardize given that most recruitment is governed by convenience, the choice of task and biomechanical methods, which can significantly affect the KAA and KAM [69, [72] [73] [74] [75] , could be standardized. The DVJ task is frequently chosen as it replicates the task from the prospective evidence [28] . It has the advantage that it is simple and reliable although its credibility as an ACL-injuring manoeuvre has been questioned [76] . Furthermore, the DVJ does not replicate sport specific landings, which are commonly only supported on one leg [76, 77] . The use of a more sport-specific movement as a measurement tool may produce more sensitive and specific ACL injury predictors. One interesting observation was that a large number of studies used non-prospectively assessed tasks to associate to prospectively identified variables. Side cutting or sidestepping in particular was widely used (36%). The use of tasks that are informed by prospective evidence should be considered.
Barriers to strengthen the available evidence
Prospective studies are known to be expensive, time consuming and challenging with the possibilities of dropouts and negative results. The challenges of such studies have been outlined in detail [78] . In particular, biomechanical techniques such as three-dimensional motion capture and analysis tend to be time consuming; often requiring ~ 2 hours per study participant for data capture. This is obviously inhibitive to testing large cohorts. These challenges could be mitigated through automated data capture and analysis software and routines, efforts to move towards multi-centre studies through conducting inter-laboratory reliability assessments and standardization of methods, including using the same biomechanical models and data processing techniques that could increase numbers of participants and observed injuries whilst reducing methodological inconsistency. One recently published attempt to standardize biomechanical analyses across three laboratories showed promising results [79] . Once methodological standardization is established and the number of prospective studies increase, a meta-analysis of prospective studies will provide additional means by which risk factors can be evaluated.
Samuelsson et al. [25] identified a trend that high level of evidence studies in ACL reconstruction research (including randomized controlled trials) increased over time. This trend has not been observed in the context of the biomechanical contributors to primary non-contact ACL injury risk. Although, with the publication of new prospective abstracts [69, 80] and a large new prospective cohort study [70] more high level of evidence studies are being conducted which is welcome. Yet, additional research efforts are needed. The lack of high level evidence may also be because this research is preventative rather than therapeutic which typically means that the direct benefit to individuals is less clear and hence financial resources are less readily available. In addition, evidence from a cost-effectiveness study [81] shows that prevention programs give a better outcome where it reduces the ACL injury incidence from 3% to 1.1% per season and are lower in cost to conduct.
Limitations
We specifically chose to focus on in vivo biomechanical studies. Whilst we acknowledge that other biomechanical research paradigms have made significant contributions to the understanding of ACL injury biomechanics including in vitro and in silico studies, it was our intention to focus on risk factors in vivo using participants of dynamic sports as these are most likely to inform injury prevention practice.
Conclusion
Our search revealed one prospective cohort study which aimed to determine how in vivo biomechanics can serve as a predictor of non-contact ACL injury. This study found that female athletes with increased dynamic knee abduction angle and with a high knee abduction moment are risk factors for ACL injury, albeit in a small sample of injuries. Many associative studies are based on these results alone and are therefore at risk of task and parameter bias. Though a reasonably large number of level 2 and 3 evidence studies are available, more prospective cohort studies are needed to drive on-going work with the purpose of developing prevention programs and clinical interventions. Generating a critical mass of high quality level 1 evidence should therefore be the priority for research to advance the understanding of in vivo biomechanical risk factors for non-contact ACL injury.
